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TECHNICAL REPORT 
ANALOG POWER SPECTRAL DENSITY 
ANALYSIS OF ELECTRORETINOGRAM DATA 
WEPTASK RAE13C005/2001/R005-0101 
A technique for performing power spectral density 
analyses on physiological data is presented in this 
report. 
on magnetic tape at the Air Crew Equipment Laboratory. 
Analog techniques were employed to analyze the 
electroretinogram data at the Naval Air Development 
Center. 
Electroretinograms were made and recorded 
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INTRODUCTION 
'Ehe possible toxic effect of a 160 percent oxygen atmosphere at 
ambient pressures less than that at sea level is of concern in 
connection with tire manned space flight program. 
planned to maintain the internal pressure of the Gemini capsule 
at 258 millimeters of mercury with a 100 percent oxygen atmosphere. 
This plan was made on the assumption that at this pressure the 
pure oxygen environment would have no significant toxic effects. 
It has been 
The National Aeronautics and Space Administration (NASA) 
experiment conducted at the Air Crew Equipment 
which the effects of 
functions were examined. 
the corneal surface of the eye and a reference location on the head 
were measured continuously in response to visual stimulation by 
means of a contact lens electrode on the eye. 
was provided by a regularly flashing light. 
means to measure visual deficit and could provide indications of 
changes in physiological functions which may underlie visual deficit. 
retinograms (ERG) were ma 
The visual stimulation 
These ERG'S provide a 
ii 
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BACKGROUND 
The A i r  Crew Equipment Laboratory (ACEL) has  been conducting 
experiments t o  a s c e r t a i n  the  physiological e f f e c t s  on human 
sub jec t s  of exposing them t o  a 100 percent oxygen atmosphere 
a t  var ious pressure a l t i t u d e s  for  prolonged per iods  of t i m e .  
A s  p a r t  of these  experiments e lectroret inograms (ERG) were 
recorded on magnetic t ape  t o  be analyzed by the  Aeronautical  
Computer Laboratory (ACL) a t  the Naval A i r  Development Center 
(NAVAIRDEVCEN). Subjects  were placed i n  a 100 percent oxygen 
atmosphere a t  pressures  equivalent t o  18,000 and 27,000 f e e t  
a l t i t u d e  f o r  72 hours, a series of ERG's being recorded a t  
6, 24, 48, and 72 hours. 
oxygen atmosphere a t  sea l e v e l  Qressure  f o r  24 hours, a series 
of ERG's  being recorded a t  6, 15, and 24 hours.  
and between each change of pressure,  a series of base l ine  ERG's  
were recorded under normal atmospheric condi t ions  of a i r  and 
sea l e v e l  pressure.  Two types of ERG runs were recorded: 
one with a red l i g h t  f l a sh ing  in  the  s u b j e c t ' s  eye every 
second f o r  2 minutes and one with a blue l i g h t  f l a sh ing  every 
second f o r  1 minute. A series of runs cons is ted  of t h ree  
r ed - l igh t  runs, followed by four blue, and then a fou r th  red.  
They were placed i n  a 100 percent  
I n i t i a l l y  
SCOPE 
The ERG records generated during the  ACEL experiment were 
processed by the  ACL by various methods t o  determine whether 
s i g n i f i c a n t  changes occurred in  the  s i g n a l  as a func t ion  of 
t he  cont ro l led  parameters. 
s p e c i f i c a l l y  to  the  analog power s p e c t r a l  dens i ty  ana lykis  of 
these  records,  and r e f e r s  t o  the d i g i t a l  s p e c t r a l  a n a l y s i s  of 
the  same da ta  f o r  method va l ida t ion .  
ana lys i s  w a s  t h e  same as t h a t  described i n  re ference  (a). 
This repor t  addresses  i t s e l f  
The method of d i g i t a l  
The analog power s p e c t r a l  dens i ty  a n a l y s i s  of t h e  ERG records 
was implemented i n  t w o  s tages:  
L 
a. t r a n s c r i p t i o n  of o r i g i n a l  tape  record t o  magnetic tape 
loops, each containing da ta  f o r  a s i n g l e  red or blue run, 
b. ana lys i s  of t h i s  loop da ta  through an analog power 
s p e c t r a l  dens i ty  analyzer  with automatic p l o t t i n g  of power 
s p e c t r a l  dens i ty  curves.  
Only t h i r d  red and t h i r d  blue runs were analyzed. 
lists a l l  experimental runs made and ind ica t e s  which runs were 
analyzed. 
Appendix A 
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METHOD 
To produce a p l o t  of  power s p e c t r a l  d e n s i t y  versus  frequency 
over a s p e c t r a l  band of i n t e r e s t  f o r  a f i n i t e  l eng th  d a t a  s igna l ,  
the da ta  is impressed on a series of s p e c t r a l  ape r tu re s  of a 
width determined by t h e  requi red  frequency r e so lu t ion ,  and t h e  
transmitted power is measured f o r  each ape r tu re .  
t h e  necess i ty  of us ing  mul t ip l e  ape r tu re s ,  a s i n g l e  f ixed  s p e c t r a l  
aper ture  is used and success ive  s p e c t r a l  increments of t h e  d a t a  
are t r ans l a t ed  t o  t h e  f ixed  a p e r t u r e  frequency, and t h e  power 
contained i n  those increments is measured. In  p r a c t i c e  t h e  
frequency t r a n s l a t i o n  is slowly and continuously swept over t h e  
frequency band of i n t e r e s t  a t  a rate commensurate with t h e  chosen 
aper ture  width, to  provide spectral sampling of t h e  data a t  a l l  
frequencies of i n t e r e s t .  
To preclude 
The technique employed f o r  t h e  analog power s p e c t r a l  dens i ty  
ana lys i s  i s  i l l u s t r a t e d  in t h e  block diagram in f i g u r e  1. 
d a t a  s igna l ,  f ( t ) ,  is passed through a high-pass f i l t e r  t o  
remove d.c .  o f f s e t  and is  then impressed on two l i n e a r  heterodyners 
where the s i g n a l  component frequencies are t r a n s l a t e d  along t h e  
spectrum by a frequency equal t o  t h e  l o c a l  sweep o s c i l l a t o r  
frequency, k. Applying t h e  Four ie r  p o s t u l a t e  t h e  d a t a  s i g n a l  
can be represented by a series i n  t h e  frequency domain: 
The 
Af ter  heterodyning wi th  t h e  unity-amplitude in-quadrature s inuso ids  
from the l o c a l  o s c i l l a t o r ,  two func t ions ,  termed real, f r ( t ) ,  and I 
imaginary, f i ( t )  r e s u l t :  
2 
1 
From the above equations it can be seen that in each path, real 
and imaginary, each Fourier frequency component, %, present in 
the input signal, f(t) has been transformed into two new frequency 
components, cuk-wo and cuk+cuo, representing the sum and difference 
frequencies of the original frequency component and the local 
oscillator frequency. 
The heterodyned signal is applied to the narrow-bandwidth, 
sharp-cutoff, low-pass filters which transmit only those difference 
components in the translated signals which are of low enough 
frequency to pass through the filter. 
selectively transmitting those Fourier signal components from the 
original input signal, that lie within a spectral aperture 
centered at wo and having a width equal to twice the low-pass 
filter bandpass. 
f:(t) and f;(t) can be expressed by the approximations: 
This low-pass filter is 
The outputs from the two low-pass filters, 
f:(t) w C Ak cos [(w-%)t+&], for all values of k where: 
k 2  
0.490 < * < t u , +  -wo - - 0.490 
72 72 
The coefficient 0,490 and T~ are derived from the selected low- 
pass filter design, as explained later in the text. 
By squaring and adding the real and imaginary filtered signal 
paths, the quadrature sinusoidal components of the resulting 
signals are eliminated, leaving only the summation of the square 
of amplitude components falling within the spectral window, the 
instantaneous power spectral density, PSD (t,w). 
AkL 
z -  , for all values of k where: 4 k 
0.490 < % < % +  -wo - - 0.490 
72 72 
3 
To remove the time variable from the power spectral density 
analysis the instantaneous power spectral density, PSD(t,M) 
is averaged over seveual data sample time periods, and the 
logarithm of the final power spectral density output, PSD(ruo), 
is plotted against local oscillator frequency, WO. 
Spectral window width (controlled by ~ 2 $  sweep rate (q,), output 
averaging filter (determined by 731, and input high-pass filter 
roll-off (determined by 71) are interrelated parameters, and 
each must be carefully chosen as a function of basic data and 
analysis parameters. 
the design and bandwidth of the filter used as the spectral 
window. 
of four stages was selected. The relationship between and the 
calculation of C O P ~ ~ K  frequency and spectral window width, are 
discussed in appendix B o  The sweep rate, io, must be slow 
enough to permit the spectral filter to operate on an adequate 
data sample at each speekrall segment. En order to smooth data 
irregularities during a P U ~ ,  the complete data Poop should pass 
through the filter several times while the spectral window is 
swept through an increment equal to its width. The output 
averaging filteu time constant is selected to compute the 
average spectral power over the complete data loop. 
The desired spectral resolution determines 
FOP this analysis a straightforward compound lag filter 
The time required for t h i s  analysis is reduced by employing a 
time compression technique. This technique involves processing 
data at a faster rate than real time. All functions having time 
relationships, such as sweep rates and filter widths were time- 
scaled appropriately for analyzer operation. In listing the 
results and labeling the final curves, however, real time equiva- 
lents have been employed. 
IMPLEMEN TAT EON 
Preparation of LOOP Data. The original raw data was recorded 
on 1/2-inch, 7-track magnetic tape at a tape speed of 3.75 inches 
per seconde Tracks 1, 2, and 4 contain photocell pulses, compensa- 
tion, and ERG'S respectively, recorded in wide-band FM at a center 
frequency of 3.375KC. Track 7 contains voice cues recorded in AM, 
and tracks 3, 5, and 6 are blank. 
The raw data was transcribed from the 1/2-inch original tape to 
1-inch analog tape loops. 
7.5  inches per second, and the 1-inch transport operated at 
1.875 inches per second. 
and a ground signal for compensation on track 6 ,  both on wide- 
band FM at a center frequency of 1.6875KC. An AM recording of 
a 400 cps signal was made on channel 14. All other channels 
were blank. 
The 1/2-insh transport operated at 
The ERG signal was recorded on track 4 
4 
Loops were t ranscr ibed  containing run d a t a  only, with a neg l ig ib l e  
blank por t ion  of tape between t h e  end and the  beginning of a data  
run. 
t he  s i g n a l s  t o  be t ranscr ibed  on the  normally open poles of a 
re lay ,  a ground s i g n a l  on the  normally closed, with the  arm 
connection routed t o  the  record ampl i f i e r s  of the  loop tape 
t ranspor t ,  and t o  perform the  following operat ion:  
The technique used t o  t ranscr ibe  such loops w a s  t o  connect 
a. start the  l /Z-inch o r ig ina l  tape t ranspor t ,  
b. j u s t  before  the  des i red  run, start the  loop t ranspor t  and 
c lose  the  r e l ay ,  
c .  release t h e  r e l a y  a second or t w o  before  end of run, 
d. s t o p  the  loop t ranspor t  soon a f t e r  r e l a y  release. 
The r e s u l t i n g  loop can be cu t  and r e sp l i ced  t o  exclude any 
t r a n s i e n t s  due t o  tape  t ranspor t  s t a r t i n g  and s topping and t o  
r e l a y  c losure  and release. 
The tape  loops were reproduced f a r  input  t o  the  ana lyzer  a t  
15 inches per  second (13.5KC FM demodulation cen te r  frequency) 
when a 16:l  t i m e  compression was required,  and a t  1.875 inches 
per second (1.6875KC FM demodulation cen te r  frequency) when a 
2 : l  t i m e  compression was required,  As t he  i n i t i a l  da t a  w a s  
recorded a t  3.75 inches per  second and reproduced a t  twice t h a t  
speed (7.5 inches per  second) during the  loop-making process, 
an i n i t i a l  time compression of 2 : l  was  obtained. By reprodut ing 
the  loops a t  e i g h t  times loop recording speed an add i t iona l  time 
compression of 8:l w a s  obtained for  a total compression of 16: l  
between o r i g i n a l  recording and ana lys i s .  
t i m e  compression increases  a l l  da t a  frequency components by the  
compression ratio with no change i n  the  amplitude. 
It should be noted t h a t  
Analog Design. The t o t a l  analog program is  represented i n  
f igu res  2 and 3. The vol tage-control led l o c a l  o s c i l l a t o r  whish - 
provides the  in-quadrature, unity-amplitude s inusoids  is diagrammed 
i n  f i g u r e  2. 
i nve r t e r  10 provide the  basic o s c i l l a t i n g  loop. Mul t ip l i e r s  1 
and 2 each represent  a var iable  c o e f f i c i e n t  proport ional  t o  wol 
cont ro l led  by the  o the r  inputs t o  the  m u l t i p l i e r s .  
q, is swept over t he  desired range by in t eg ra to r  1 which d r ives  
the  frequency-control m u l t i p l i e r s .  
provides automatic amplitude and quadrature con t ro l  t o  the  
o s c i l l a t o r .  
The two in t eg ra to r s  4 and 5 i n  conjunction with 
The frequency 
The remaining c i r c u i t r y  
5 
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Figure 3 illustrates the main analyzer program. Amplifier A1 is 
the input high-pass filter; multipliers 5 and 6 perform the linear 
heterodyning; amplifiers A5 through A12 are the two low-pass 
spectral filters; and the remaining circuitry performs the squaring, 
summing, filtering, and log conversion required in the power spectral 
density calculation. 
potentiometer X1. 
analysis over the band of real time data frequencies from 0.7 cps 
to 10 cps. 
Analyzer calibration is controlled by ganged 
Passive component values shown are for the 
Selection of Dynamic Coefficients. The sweep oscillator and 
heterodyning multipliers were designed to operate over a band of 
frequencies between 10 cps and 200 cps. The data to be analyzed 
was brought within th is  range by the time compression technique. 
Frequencies of interest between 0.7 cps and 10 cps were shifted 
by a 16:l factor to a band between 11.2 cps t o  160 cps, and 
frequencies of interest between 5 cps and 50 cps were shifted 
by a 2:l factor to a band between 10 cps and BOO cps. 
The spectral window width was empirically selected after a series 
of preliminary runs, on the basis of combining a reasonable 
maximum sweep rate with good peak-to-valley resolution of the 
resulting spectral signatures. To make this selection, data 
samples were analyzed using a series of sequentially narrower: 
apertures combined with comensurate slower frequency sweep 
rates until no noticeable improvements in the spectral signatures 
could be observed. The usable data loop length varied between 
45 and 120 real-time seconds. 
allow a minimum of 1.5 loop lengths of data to be analyzed for 
a sweep frequency change equal to the spectral window width in 
the 0.7 cps to 10 cps band and 0.5 loop length in the 5 cps to 
50 cps band. The following tabla lists all pertinent analog 
program parameters used in the two-part analysis. 
The sweep rate was designed to 
Spectral Band 
Spectral Filter 
width 
71 
72 
r3 
Time Scale 
Loop Time 
Sweep Rate 
ANALYZER REAL TIME 
11 - 160 CPS 0.7 - 10 CPS 
- 0.066 cps 
1.0 sec 16 sec 
0.15 sec 2.4 sec 
10 sec 160 sec 
16 X 1 
3-8 sec 45-120 sec 
0.1 cps/s 0.0004 CPS/S 
6 
ANALYZER REAL TPlE 
10 - 100 cps 5 - 50 cps 
- 0.066 cps 
2.5 sec 5 sec 
1.2 sec 2.4 sec 
20 sec 40 sec 
2 x  1 
22-60 sec 
0.25 cps/s 0.065 CPS/S 
45-120 sec 
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Bookkeeping. Each data run was identified by a 10-digit run 
number coded according to specifications listed below beginning 
with the high-order digit. Because these numbers were also used 
on digital tape for runs that were digitized, the numbers on the 
analog records were preceded by the letter A. 
repeated for different settings of the analog analyzer carried an 
eleventh digit starting with 2 for the first repeat and advancing 
sequentially for subsequent repeats. 
Runs that were 
DIGIT SIGNIFICANCE 
1, 2, 3 ACL Problem No. (412) 
-
4, 5 Human Subject 
01 - Hreno 
02 - Parris 
03 - 
04 - 
05 - Mlynek 
06 - Christoph 
07 - Conser 
08 - 
6 
7 
Photocell 
1 1st Red 5 1st Blue 
2 2nd Red 6 2nd Blue 
3 3rd Red 7 3rd Blue 
4 4th Red 8 4th Blue 
Pressure and 02 Content of Atmosphere 
1. 27,000 ft 1007.02 4. Baseline #3 
2. Baseline 82 5. Sea Level 1007. 02 
3. 18,000 ft 100% 02 6. Baseline #4 
7 
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r 
DIGIT 
8 
- SIGN IF ICAN CE 
Time of Exposure 
0. Baseline 
1, 6 hours 
2. 24 hours 
3. 48 hours 
4. 72 hours 
9 and 10 Run sequence in analyzer 
The primary data tapes and the intermediate tape loops are stored 
in the analog tape storage cabinet. 
RESULTS 
Appendix A catalogs which of the original recorded runs were 
analyzed for each frequency band of analysis. 
power spectral density plot for each analyzed run is contained 
in appendix C. 
spectral density plots obtained by digital computation, and 
these are included to demonstrate the close comparison between 
solutions obtained using analog and digital methods. 
test of the validity of the analog method was made by subjecting 
a pulse wave of known spectral content to the analysis. 
It is not the intent of this report to analyze spectral signatures 
or physical significance but only to document the method of analysis. 
The consistency of results obtained, and the close correlations of 
results with the more complex digital analysis demonstrates the 
versatility, accuracy, and dynamic range of this method of analog 
spectral density analysis. 
A resulting 
Appendix C also contains a number of power 
A further 
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APPENDIX B 
CALCULATION OF POWER BANDWIDTH FOR A LOW PASS 
FILTER OF n SERIES-CONNECTED FIRST ORDER LAGS 
1. It is required to design a low pass filter of n series 
connected equal first order lags, with the property that the 
total power transmission of input white noise be equal to the 
transmission of the same white noise through a hypothetical 
"perfect filter" (which allows non-attenuated power transmission 
of signals between zero cycles and frequency fgw, and causes 
infinite attenuation of signals of frequency greater than fgw). 
Figure 1 shows such a compound lag filter using analog computer 
techniques. 
Figure 1 
n Stage Lag Filter 
2. The total power transmission of any filter I s  the integral of 
power transmission with respect to frequency from 0 to 43 cps. 
power transmission of white noise through a perfect filter is unity from 0 
to f = fgw and then drops to 0 a~ values steater than fgw. 
The 
f (frequency) -> 
The total power transmission is clearly fgW. 
to determine P(w) the power transmission function for the nth order 
lag filter. We will then be able to let 
It is now necessary 
P(u))dw - fgw and 
arrive at a solution. so  
The amplitude/phase transmission of the nth order low pass filter 
of series compounded f irst order lago icr: (in Laplace notation) 
where : T is a filter constant in eeconds 
s is the Laplace operator 
If the input signals are sinusoids this expression can be reduced to 
two non-complex expre8sion8, one for amplitude gain  and the other for 
phase ehift. 
I 
1 amplitude gain = 
(-fa wa +1) la 
1 phatle ehift - -n arc tan - 
Tu) 
where UJ ie the sinusoid frequency in radleec. 
B -2 
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. 
3. Since power is proportional to amplitude squared we arrive at 
the power transmission function P(w) - 1 (ZziiF 
It is now only necessary to evaluate the integral S" 0 P(x)dx in 
order to obtain a value for the filter bandwidth. 
filter recourse to the integral calculus shows us that: 
For the n stage 
Evaluation of the resulting expression for some values of n are 
tabulated in the form 2n fgW7 versus n,_for individual filters 
with unity DC gain. 
n 1 2 3 4 5 6 10 100 
277 fgWT 1.57 0.785 0,589 0.490 0.429 0.386 0.292 0.089 
where 
n = number of compounded stages 
T = single stage filter time constant in seconds 
fgw - bandwidth of perfect filter having equal total power 
transmission to white noise. 
B-3 
, 
. 
APPENDIX C 
ANAL00 AND DIGITAL POWER SPECTRAL DENSITY (PSD) PLOTS 
The electronretinogram run summary in appendix A indicates 
those runs for which there are plots in this appendix. 
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